This study investigated the potential of employing suitable sorbents to capture trace metallic substances during fluidized bed coal combustion. The objectives of the study were to demonstrate the capture process, identify effective sorbents, and characterize the capture efficiency.
The observed experimental results indicated that metal capture by sorbent can be as high as 96% depending on the metal species and sorbent involved. All three sorbents were observed to be capable of capturing lead in a various degree, zeolite and lime were able to capture chromium, and bauxite was the only sorbent capable of capturing cadmium. Results from thermodynamic equilibrium simulations suggested the formation of metal-sorbent compounds such as Pb,SiO,(s), CdAl,O,(s) and CdSiO,(s) under the combustion conditions.
INTRODUCTION
Toxic trace metallic elements such as arsenic, beryllium, cadmium, chromium, cobalt, lead, manganese, mercury, nickel, and selenium are usually contained in coal in various forms and trace amounts (see Table 1 ). These metals will either stay in the ash or be vaporized during high temperature combustion. Portions of the vaporized metals may eventually be emitted from a combustion system in the form of metal fumes or particulates with diameters less than 1 micron, which are potentially hazardous to the environment (1).
Current practice of controlling trace metal emissions during coal combustion employs conventional air pollution control devices (APCDs), such as electrostatic precipitators and baghouses, to collect fly ash and metal fumes. The control may not always be effective on metal fumes due to their extremely fine sizes (2).
Concern over toxic trace metal emissions from coal-fired combustion sources is growing, especially as the result of the passage of the 1990 Clean Air Act Amendments (CAAA) where eleven metallic elements, Le., antimony, arsenic, beryllium, cadmium, chromium, cobalt, lead, manganese, mercury, nickel, and selenium are listed as potential hazardous air pollutants. To address the concern, the US DOE has co-sponsored a workshop jointly with the Electric Power Research Institute (EPRI) and the Energy and Environmental Research Center (EERC) on Trace Elements Transformations in Coal-Fired Power Plants (held in Scottsdale, Arizona, April 19-22, 1993) . The objective of the workshop was to evaluate the current level of understanding on metal behavior during coal combustion and to identify potential technologies for improved metal emission control .
This study is to explore the opportunities for improved control of toxic trace metal emissions from coal-fired combustion systems. Specifically, the technology proposed is to employ suitable sorbents to (1) reduce the amount of metal volatilization and (2) capture volatilized metal vapors during fluidized bed coal combustion. The objectives of the study were to demonstrate the capture process, identify effective sorbents, and characterize the capture efficiency.
Metal capture experiments were carried out in a 25.4 mm (1") quartz fluidized bed combustor enclosed in an electric furnace. In an experiment, a coal (or metal-containing wood pellets) sample was burned in the bed with a sorbent under a specific set of combustion conditions and the amount of metal capture by the sorbent was determined. Three different coal samples from the Illinois Basin Coal Sample Bank along with an artificially prepared wood pellets sample were tested in the study. The metals involved were cadmium, chromium and lead, and the sorbents tested included bauxite, zeolite and lime. In addition to the experimental investigations, potential metal-sorbent reactions were also identified through chemical equilibrium calculations based on the minimization of system free energy.
SCIENTIFIC DISCUSSION
During high temperature coal combustion, metals in coal will either stay in the ash or be vaporized in combustion chambers. Most of the vaporized metals will decompose and/or react and eventually recondense during the cooling of flue gas. Two competitive mechanisms are associated with the condensation process, namely, (1) homogeneous nucleation which generates metal fumes (particulates) and creates metal emission problems; and (2) heterogeneous condensation which deposits metals onto available surfaces such as pre-existing fly ash, boiler tubes and combustor walls (3). The proposed technology is to minimize the formation of metal fumes at the hot-end of the coal combustion process, i.e., in the combustion chamber. Specifically, the technology is to employ suitable and effective sorbents to: (1) reduce the amount of metal volatilization during coal combustion in the combustion chamber through promoting chemical reactions between metals and sorbents to form Iessvolatile metal compounds at an elevated combustion temperature, and (2) capture volatilized metal vapors by sorbents through the mechanism of chemisorption and/or heterogeneous deposition.
Chemical absorption reactions between metal vapors and a variety of sorbents at high temperatures have been observed both in a packed bed (4, 5, 6, 7) and in a fluidized bed (8,9,10). Most of the captured metals have been observed to be non-leachable through this chemical absorption mechanism. Kaolinite and bauxite have been reported to be suitable sorbents for the removal of alkali vapors and lead compounds through chemical absorption (4, 5, 6) . Calcined limestone and zeolite have also been reported to be an effective sorbent for metal capture (10).
The following reactions between metals and sorbent constituents have been confirmed bath theoretically and experimentally (6,7,10):
The metal capture technology, however, has never been evaluated for coal during fluidized bed combustion.
EQUILIBRIUM CALCULATION
Equilibrium composition represents the most stable chemical composition within a system under a specific state. Thermodynamically, this composition is corresponding to the one where the system free energy is minimized. The calculated equilibrium composition would reveal the preferred chemical speciation under a specific state, which in turn, suggest potential chemical reactions which may occur within the system.
In this study, combustion equilibrium was calculated using a PC-based computer software package (11) especially developed for predicting equilibrium compositions during fuel or waste combustion. The package incorporated the NASA SP-273 program (12) for performing complex chemical equilibrium calculations based on the minimization of system free energy. The simulation would reveal potential metal-sorbent reactions for the proposed metal capture process.
EXPERIMENTAL
Metal capture experiments were carried out semi-batchwise in a 25.4 mm (1") OD quartz fluidized bed coal combustor enclosed in an electric furnace. The metals involved in the study were cadmium, chromium and lead. Three coal samples from the Illinois Basin Coal Sample Bank (IBCSB) and h artificially prepared metal-containing wood sample were tested in the experiments. The corresponding concentration of chlorine, sulfur, and the target metals in each sample was summarized in Table 2 . The sorbents tested included bauxite, zeolite and lime. The chemical composition and fluidization properties of the sorbents are listed in Table 3 .
For an experimental run, a bed of sorbent was preheated to the desired temperature under the designed operating conditions. A predetermined amount of coal or wood pellets was then charged in the bed at a constant feed rate for combustion. After the combustion was completed, the bed residue including sorbent and ash was discharged for analysis of metal concentration. The experimental parameters and operating conditions associated with the experiments are shown in Table 4 .
Chemical Analysis
Metal concentration in the coal, wood pellets, original sorbent, and combustor residue was determined by an atomic absorption spectrophotometer. An HF modified EPA Method 3050 was used to digest metals from the sorbent, which involves the use of HNO,, HCl and HF acids (13). Toxicity Characteristics Leaching Procedure (TCLP) tests were performed to determine the leachability of the captured metals from sorbents.
Data Analysis
Experimental data were analyzed to determine the characteristics of metal capture under the combustion conditions. The following two metal capture properties were calculated:
Specific Capture Capacitv (6)
The specific metal capture capacity is defined as the amount of metal captured by a unit mass of sorbent. It was calculated as:
The percent metal capture is defined to be the percentage of metal captured by fluidized bed sorbents relative to the total amount of metal charged. It was calculated from the following equation :
RESULTS AND DISCUSSION

Simulation Results
Equilibrium calculations were performed to identify thermodynamically preferred metal speciation in a combustion system. Two typical sets of simulation results indicating potential metal-sorbent reactions and the effect of sulfur on metal capture by sorbents are shown in Tables  5 and 6 , for lead and cadmium, respectively. The corresponding elemental composition and combustion conditions used in the simulations were: carbon -71.3 wt%, hydrogen -5.2 wt%, nitrogen -1.4 wt % , oxygen, -12.4 to 7.8 wt % , sulfur -0 to 4.6 wt % , metal concentration -50 ppm, ash -9.3 wt%, combustion temperature -9WC, and percent excess air -50%.
The results shown in Table 5 indicate that lead will react with both sulfur and silica during combustion. At a temperature below 9WC, PbS04(s) is the thermodynamically preferred lead compound; however, between 950°C and loOo"C, PbSi04(s) is the preferred one; and, above lOOO"C, PbO(g) is the dominating species. These results suggest that silica is thermodynamically capable of capturing lead. However, the existence of sulfur will affect the capture process especially at a temperature below 950°C. Note that lead does not seem to react with A1203 according to the equilibrium simulation. It should also be pointed out that lead does not show any reactions with CaO because there are no thermodynamic data available in the literature.
The results shown in Table 6 for cadmium indicate that cadmium will react with A1203 and Si02 to form CdA1204(s) and CdSiO,(s), respectively. It, however, will not react with CaO. The existence of sulfur does not seem to interfere with the reactions according to the equilibrium results shown in the table. These simulation results, again, suggest that silica and alumina have potential to capture cadmium under the combustion conditions. Note that, although not shown, the simulation results for chromium have indicated that the thermodynamically preferred chromium compound under the combustion conditions is exclusively Cr203 (s) and no chromiumsorbent compounds are observed. The results suggest that, thermodynamically, the tested sorbents are not expected to chemically absorb chromium during combustion.
It is worth pointing out that thermodynamic equilibrium alone is not expected to provide quantitative information regrading the actual metal partitioning among different metal compounds in a combustion system. Other governing laws such as reaction kinetics, and mass and energy transfer operations should also be considered in such prediction.
Experimental Results
Typical experimental results indicating the effectiveness of metal capture by various sorbents are shown in Tables 7, 8 and 9 for lead, cadmium, and chromium, respectively. The combustible materials tested were three coal samples, Le., , and a wood sample. The sorbents used were bauxite, zeolite and lime. The corresponding metal concentrations in the tested fuel samples and sorbents have been summarized in Tables 2 and 3,  respectively. The results shown in Table 7 for lead indicate that all three sorbents tested in the study are capable of capturing lead during fluidized bed combustion with zeolite being the most effective followed by bauxite and lime. As suggested by equilibrium simulations, the mechanism of lead capture by zklite appears to be due to the formation of PI$3iO4(s) and the mechanism of capture by bauxite may be due to the formation of the same compound or an alumino-silica compound. The mechanism of lead capture by lime, however, may be due to the "melt capture" as suggested by Linak and Wendt (14) . These proposed mechanisms, however, could not be analytically confirmed because the concentrations of the potential metal-sorbent compounds are extremely low.
For cadmium capture, the results shown in Table 7 indicate that bauxite is the only sorbent capable of capturing cadmium during coal combustion with the capture efficiency ranging from 62 to 88%. This appears to suggest that the formation of CdA1204(s) is the dominating reaction during combustion based on equilibrium simulation results, The suggestion, again, could not be confirmed analytically.
The chromium capture results shown in Table 9 indicate that zeolite and lime are both capable of capturing the metal. The mechanism of chromium capture by these sorbents, however, is not clear at this time. Efforts are currently devoted to analytically identify the chromium state in the sorbents. Note that bauxite was not observed to capture any chromium because the original bauxite contained a high concentration of chromium which continued to vaporize during combustion. The net result was that, in contrast to chromium capture, bauxite gave away chromium during the process.
It is essential to point out that, due to the non-uniformity and trace-quantity nature associated with the process, it is still difficult to discuss the effect of fuel type, coal type, and coal properties such as chlorine, sulfur, ash and metal contents on the metal capture process based on the results observed. Efforts are being continued to collect additional experimental data to provide more statistically representative results for better understanding the process.
CONCLUSIONS
This study is to explore the possibility of employing suitable sorbents to capture toxic trace metals during fluidized bed coal combustion. The observed experimental results indicated that metal capture by sorbents can be as high as 96% depending on the metal species and sorbent involved. All three sorbents tested, Le., bauxite, zeolite and lime, were observed to be capable of capturing lead in a various degree, zeolite and lime were able to capture chromium, and bauxite was the only sorbent capable of capturing cadmium. Results from thermodynamic equilibrium simulations suggested the formation of metal-sorbent compounds such as Pb,SiO,(s), CdA1204(s) and CdSiO,(s) under the combustion conditions. Additional experiments are being carried out to provide more statistically representative results for better understanding the metal capture process. 
NOTATION
Pb,SiO,(s) Government. Neither the United States Government nor any agency thereof, nor any of their employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recornmendation, or favoring by the United States Government or any agency thereof. The views and opinions of authors expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof.
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